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ABSTRACT
Many companies are interested in dramatically improving an existing process. Kaizen
and Skunk Works are possible paradigms for such an improvement project, but both may
be inappropriate in some respects. Chapters 2 and 3 of this thesis propose and describe
an intermediate approach, entitled Proactive Process Improvement (PPI) for use under
these circumstances. PPI seeks to impart the innovative aspects of the Skunk Works
model, while recognizing the constraints of the typical manufacturing or engineering
organizational structure. It consists of four steps (Discovery, Understanding,
Optimization and Continuous Improvement). Chapters 4, 5, and 6 document the
implementation of PPI to improve an acetate film base manufacturing system at Eastman
Kodak Company. The Discovery phase of PPI led to the focus on starting materials
(composition), and front-end process variables. During the Understanding phase, a 32-
part factorial experiment which established the relationships between ten compositional
and temperature process variables and seven product quality metrics was designed and
executed. During the Optimization phase of PPI, statistical predictive models for the
product quality metrics were used to determine an optimal process recipe. A three-
pronged control strategy was developed to compensate for moderate compositional
changes by changing process temperatures, thus maintaining invariant product quality.
The Continuous Improvement phase of PPI will be implemented at a future time.
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Chapter 1: Introduction
Many corporations have turned to "quality improvement" as a means of improving their
financial performance. In this context, quality improvement may mean eliminating
product defects, improving product design, speeding product delivery, and/or reducing
costs. While any aspect of a business may be targeted for such improvement, an existing
manufacturing process is a natural focus of quality improvement activities. In a mature
industry, the process to be improved can be decades old. It may have suffered from
several years of relative neglect in terms of systematic improvement efforts. This type of
process improvement activity is the focus of this thesis.
This work was conducted at Eastman Kodak Corporation (EKC) during the latter half of
1997. During this time, EKC was under extreme cost pressure due to the combined
effects of a strong dollar, stagnant domestic markets, increased foreign competition, and
capital investment required for the development of digital photography. A quality
improvement program (based on Motorola's Six Sigma methodology) was introduced as
a means of cutting costs by improving yields, reducing rework (and its associated
administrative burden), and increasing equipment up-time. This program was enacted on
many processes throughout the company; efforts to improve one of these processes-the
continuous manufacture of acetate film base-is examined closely in this thesis.
One of the key challenges of this project was that while business conditions demanded
dramatic improvement, EKC did not have the luxury of complete process redesign,
mainly due to budgetary and resource constraints. Many existing frameworks for quality
improvement focus either on low-cost, incremental process improvements or on radical
redesign . Neither approach was completely appropriate for this project. We (ECK staff
and myself) have developed an alternate framework, called "Proactive Process
Improvement", for process improvement under such conditions, which we have applied
to the above-mentioned acetate film base process.
The chapters of this thesis are organized in the following manner:
1. Introduction
2. Skunk Works and Kaizen: a Framework for Evaluating Quality Improvement
Paradigms
This chapter contains an analysis of Kaizen and Skunkworks, two well-documented
models for achieving quality improvement. These methodologies are evaluated in
terms of history, focus, participants, culture, and methodology. They are then
modeled as two canonical quality improvement paradigms lying at opposite ends of
an "innovation continuum".
3. Proactive Process Improvement-a Practical Quality Improvement Paradigm
The deficiencies of Skunk Works and/or Kaizen in relation to this type of quality
improvement project are discussed. Two new modes are then added to the
continuum: Reactive Improvement and Proactive Improvement. While Reactive
Improvement (fire-fighting), may be the default state for many mature processes, we
propose that Proactive Process Improvement (lying between Skunkworks and Kaizen,
and combining some elements of both) is a more desirable paradigm for dramatic
improvement of this and similar processes. The proposed Proactive Process
Improvement (PPI) paradigm is evaluated in terms of focus, culture, participants and
methodology. The methodology contains four stages:
1. Discovery
2. Understanding
3. Optimization
4. Continuous Improvement.
4. Proactive Process Improvement at Kodak, Part 1: Discovery.
This chapter contains background information about the acetate film base
manufacturing process to be improved. It describes a methodology we used for
capturing qualitative and "expert" process knowledge, linking it to quantitative
product waste and quality data, and prioritizing possible process improvement
activities. In this particular case, this exercise led to a focus on process starting
material composition and "front end" process variables. This chapter also describes a
32-part, 10-variable factorial experiment which was designed to understand the effect
of the compositional and process variables upon several process and product quality
metrics.
5. Proactive Process Improvement at Kodak, Part 2: Understanding and
Optimization
This chapter describes the results of the above-mentioned experiment, and a
procedure for optimizing the process with respect to cost and quality given what we
now understand about the process. An optimal formulation is found. Tradeoffs in the
optimization procedure are discussed.
6. Proactive Process Improvement at Kodak, Part 3: Process Control
This chapter describes a proposed control strategy using experimental results from
Chapter 5. This strategy compensates for moderate changes in starting material
composition by changing process temperature variables, thus maintaining invariant
product quality.
7. Summary and Recommendations for Future Work
The Applicability of Six Sigma: George Fisher (EKC Chief Executive) had overseen
the successful development and implementation of the Six Sigma methodology at
Motorola. Thus Fisher virtually "decreed" that all process improvement activity should
use this methodology. Six Sigma is a process-oriented quality improvement methodology
which focuses on variation reduction as a means of improving yield. A key feature of the
methodology is a new vocabulary used in expressing yield ("Sigma Level") and variation
level (Cp and Cpk). The literature available on Six Sigma indicates that the methodology
adds the most value after some level of process understanding has been achieved, and
variation reduction can be addressed. As it turned out, the main focus of the first part of
the EKC project was on process understanding. Six Sigma will be useful in the
Optimization and Continuous Improvement stages of Proactive Process Improvement.
This thesis treats Proactive Process Improvement as a "paradigm", describing the whole
picture (culture, focus, participants, methodology), while treating Six Sigma as a tool or
methodology, most useful in the latter stages of the PPI paradigm.
Chapter 2: Skunk Works and Kaizen: a Framework for Evaluating Quality
Improvement Paradigms
Introduction: Once management has committed to a serious quality improvement
program, the most pressing concern is the overall philosophy and structure of the project:
what are the goals, who will participate, how will decisions be made, how will the project
be tracked and organized, and so on. While there are many different paradigms for
structuring such a project, I will initially focus on two well-documented (and very
different) potential models for quality improvement: Kaizen and Skunk Works. This
focus will be useful in establishing a framework for understanding and comparing various
quality improvement methodologies.
Kaizen is a traditional Japanese approach focusing on many small, incremental changes,
likely coming from shop-floor workers, leading to significant overall improvement at low
cost (Imai, 1997). The Skunk Works paradigm is a traditionally American approach,
focusing on complete and radical redesign, enacted by world class technologists, leading
to orders-of-magnitude improvement at significant (but not exorbitant) cost (Rich, 1994).
While the Skunk Works paradigm has typically been used in new product development,
there is no obvious reason while the management principles might not be applied to the
development of a radically improved new process. Following is a comparison of the two
methodologies in terms of these five elements: history, focus, methodology, participants,
and culture:
2.1 Kaizen
History: After WWII, the Japanese were faced with the formidable task of rebuilding a
devastated economy. This was especially challenging in the face of the demoralized
populace, loss of talent due to war casualties, and lack of natural resources. Japan
initially had virtually no source of competitive advantage, yet by the late 1960's it had
become apparent that the Japanese had developed superior means of manufacturing items
such as cameras, radios, televisions, and automobiles. Japanese companies had
developed a system of management allowing them to produce a higher quality product at
lower cost than their competitors. The concept of Kaizen was a key part of this
successful system. Kaizen is a Japanese word that is best translated into English as
continuous improvement. Kaizen has since been adopted by many companies all over the
world, and is now being applied to service industries (like insurance and finance), as well
as manufacturing.
Focus: The main focus in Kaizen is improvement of the existing process. It focuses on
process, rather than product, since the process must improve in order for the product to
improve. It recognizes that improvement will come through many small changes, none of
which would have a large impact on its own. Kaizen is extremely data-driven, and
focuses on fixing the root cause of all problems, thus preventing recurrence in the future.
Three sub-focuses are housekeeping, waste elimination, and standardization.
Participants: Everybody in the company will ideally participate in Kaizen, but since the
goal of the company is presumably to deliver some good or service, those who are
producing the good or service are the most important participants. Thus the key
participants in Kaizen are the operators and technicians on the shop floor (in a
manufacturing company). Participants perform Kaizen as part of their regular job; in fact
they are encouraged to think about improvement activities as they perform their job.
Participants are simply whoever happens to be working on the process to be improved.
Methodology: Standard methodologies are used as exemplified by the Kaizen Story,
which is the output of every Kaizen activity. It must contain eight steps (see Appendix
A). Within these steps, many standardized tools are used such as Ishikawa diagrams,
Pareto charts, checklists, and control charts. It is assumed that all improvements
achieved will be the result of human effort, not the result of investing in new equipment,
hiring more workers, or inventing a new process. Kaizen is never considered to be
"done"; once one cycle of improvements are completed, another is begun.
Culture: Since the key participant is the "ordinary" worker on the shop floor, an culture
must be developed where this person has the initiative, confidence, skills, and discipline
to conceive of and carry out improvements. The work pace is steady and focused, but not
frantic; it is recognized that this pace must be sustainable over the long term.
2.2 Skunk Works
History: Lockheed Martin initiated the Skunk Works concept during World War II. In
1943, the US Army Air Corps asked Lockheed to design a new figT2er in response to
disturbing news that the Nazis had tested a jet figT2er over Europe. Under an agreement
negotiated by chief engineer Kelly Johnson, the company was to deliver the prototype
aircraft within 6 months. Johnson "pirated" personnel from other projects, created a team
of engineers and mechanics, and went to work in a small assembly tent. The completed
prototype made its first flight in early January of 1944, more than one month ahead of
schedule, becoming the forerunner of all US jet fighters. Since that time, the
organization has produced a series of technologically advanced aircraft and systems for
combat, transport, reconnaissance and research. Many of these products have become
aviation legends, including the U-2 (the world's highest altitude single-engine jet) and the
F-117 Stealth Fighter (the first operational aircraft designed for low radar observability).
Other companies have adopted this approach to new product development, and the term
Skunk Works has taken on a generic meaning, denoting any project run in a manner
similar to the Lockheed Skunk Works (Rich).
Focus: A Skunk Works' main focus is on radical innovation. The goal is to develop an
entirely new product (or process), not to improve an existing one. This is well illustrated
by one of the Lockheed Skunk Works' most successful planes, the F- 117 Stealth Bomber,
which is virtually undetectable by radar. The key idea behind the F- 117 is that for flat
surfaces, radar cross section is independent of object size. This idea had been developed
by Soviet scientists, however they had not been able to exploit the concept in any useful
way. The Skunk Works undertook to design an airplane composed entirely of flat
surfaces. The resulting product looked like no airplane before or since, and had a radar
cross-section approximately equal to that of a marble, representing an improvement of
several orders of magnitude. A second focus element is efficiency with respect to speed
and cost. While there is a general focus on cost effectiveness, it should be recognized
that the projects in general tend to require a large amount of capital investment, and large
annual budgets; the idea is to efficiently use the money available.
Participants: Since the focus is innovation, the participants must be innovators. They
are the best and brightest in their fields, as well as confident, creative, hard working and
ambitious; being chosen as a member of the team is seen as an honor. Participants
generally have broad assignments, and are expert in more than one technical area. The
project team and key support people are co-located and fully dedicated to the project.
Culture: The atmosphere is one where the participants "work hard and play hard".
While team members may work almost around the clock, spontaneous breaks are taken
for celebrations, practical jokes, or contests. Politics are kept to a minimum: team
members confront each other immediately and directly when a conflict arises. The
surroundings are often minimal and bleak; this exemplifies the technical orientation, and
may be a source of pride. There is also a sense of having an enemy, with disastrous
consequences if the enemy is allowed to prevail. The project is often a secret, either for
reasons of national security or company politics. These factors lend a sense of urgency to
the project.
Methodology: The project leader is in complete charge, managing all aspects of the
project including hiring /firing, budget allocation, intermediate goals and tracking, and
project methodology. Company management stays out of the day-to-day activities of the
project, and receives most of its information through the project leader, who also
interfaces with the company in determining the overall budget for the project. Team
members focus on the project, and only the project. Time spent in report writing, formal
process reviews, buyoffs, etc., is kept to a minimum (although key technological
developments are to be carefully documented); this is possible due to the close, daily
interaction of the entire team. No standard product or process improvement
methodologies are used; the team develops its own set of goals and milestones. Once
goals and milestones are set, schedules are adhered to with extreme discipline.
Participants are encouraged to challenge the status quo, and seek creative solutions to
problems. Despite the emphasis on technology and innovation, the cheaper or faster
solution is often preferred over the more technologically elegant solution (Rich,
Wheelwright and Clark, 1991). Kelly Johnson, the first Lockheed Skunk Works
manager, developed fourteen rules for management (Rich, 1994). These rules (many of
which are specific to military projects) are listed in Appendix B.
2.3 The Innovation Continuum
It is clear from the above analysis that these two quality improvement methodologies are
radically different in terms of the culture, participants and methodology. What drives
these difference? They can be explained as resulting from the focus on evolutionary
improvement (Kaizen) vs. revolutionary improvement (Skunk Works). In other words,
the culture, participants, and methodology are all chosen to facilitate the type of
innovation required. Thus it is useful to conceptualize quality improvement
methodologies in terms of required levels of innovation.
QUALITY IMPROVEMENT
Evolutionary Revolutionary
(Kaizen) (Skunk Works)
Figure 2.1: Innovation Continuum
The innovation required to complete a quality improvement project may be modeled as
lying along a continuum (shown in Figure 2.1). The left side of the continuum represents
a purely evolutionary approach (suggesting a Kaizen-style project structure), while the
rigT2 side of the continuum represents a purely revolutionary approach (suggesting a
Skunkworks-style project structure).
2.4 Summary of Chapter 2
In this chapter, the Kaizen and Skunk Works quality improvement paradigms were
compared in terms of history, focus, participants, methodology, and culture. I argue that a
Kaizen approach focuses mainly on evolutionary innovation, while a Skunk Works
approach focuses mainly on revolutionary innovation. These two paradigms are modeled
as being on opposite ends of an "innovation continuum" for quality improvement
methodologies.
Chapter 3: Proactive Process Improvement-a Practical Quality Improvement
Paradigm
Introduction: This chapter discusses the shortcomings of either the Kaizen or
Skunkworks quality improvement paradigms with respect to the improvement of mature
processes. A new process improvement paradigm (Proactive Process Improvement), is
developed and related to the existing framework. It is evaluated in terms of participants,
culture, methodology and focus, and placed on the innovation continuum. Throughout
the chapter, Proactive Process Improvement is explained in its theoretical form, and
examples are given from the actual implementation at EKC.
3.1 Shortcomings of Kaizen and Skunk Works with Respect to Mature Processes
As mentioned earlier, we were concerned with dramatically improving a manufacturing
process which had been developed ten years previously. Some elements of the process
developed at that time were held over from earlier processes, so the effective
development date for the process may have been even earlier. During the past several
years, it had been viewed as being in sustaining mode, with issues addressed only on an
as needed basis.
It is obvious that such a process is likely to benefit from a Kaizen-style process
improvement activity (most processes can benefit from continuous improvement, and
there is very little risk in initiating such a program), but this may not be an optimal
approach. The process has not been technologically evaluated for ten years or more-we
may be able to significantly improve the process design due to advances in technology,
raw materials capabilities, or basic understanding which have occurred since the process
was developed. Since such improvements would be to some degree revolutionary and
radical, and since they may involve significant capital investment, such improvements
would not be part of a Kaizen process improvement activity.
Because there is a revolutionary element to such a project, there are benefits to a Skunk
Works approach. The cost objectives are also in line with this approach in that it is
recognized that significant capital will be invested, but the user wants to be as efficient as
possible. This approach runs into practical problems, however, when certain realities of
the "typical" manufacturing-organization environment are considered. Results from such
quality improvement programs are typically part of a wide company objectives and are
highly visible. Given this, management is unlikely to give the project leader complete
carte blanche in terms of budget, objectives, and timing.
This was likely in this particular case, where EKC was under heavy pressure to reduce
costs. In a matrixed management environment, project participants often have
responsibilities for other processes, or other duties they must perform. Thus they are not
fully dedicated; they may not also be fully co-located. There may be other difficulties in
establishing a Skunk Works culture: seasoned employees in their regular job may balk at
the new expectation of 60+ hour work weeks, or at their new role of "blue sky"
innovators, all at the behest of a new quality improvement project which may be only
some fraction of their available project load. None of these issues are insurmountable,
and management may choose to address and solve them. If they are not addressed,
however, they will negatively affect the Skunk Works-style quality improvement project.
For these reasons, it may be suboptimal to adhere strictly to either a Kaizen or Skunk
Works project model when attempting to significantly improve a mature process. In
working on this project at EKC, we developed an intermediate approach, which I will call
"Proactive Improvement". Other companies may also find it useful under similar
circumstances: when significant improvement is needed on an older process which has
experienced several years of relative neglect. The proposed model is described in terms
of focus, participants, methodology and culture in section 3.2 below.
3.2 Proactive Process Improvement
Focus: The focus of Proactive Process Improvement (PPI) is achieving significant
improvement at a reasonable cost in the "typical" manufacturing environment. While
innovation is expected to be somewhat revolutionary, it will not be as radical as designing
an airplane composed of entirely flat surfaces. There is no "blue sky" element; at the
completion of the project, the process will still be recognizable, although greatly
improved. It is recognized that certain elements of the process are now "out of date",
given recent advances in technology, raw materials capabilities, or basic understanding,
or perhaps some elements of the process were never optimized to begin with. The focus
is to seek out and capitalize upon these opportunities.
Participants: The project members must be the individuals having the most knowledge
about the process. If the process has been in sustaining mode for the last several years,
they may be widely scattered. Process knowledge is also likely to be fragmented, i.e. an
individual may possess deep knowledge about one narrow area of the process from
working on a specific urgent problem that arose during sustaining mode, but not have a
good understanding of the process as a whole. Knowledgeable individuals may come
from the manufacturing floor, from the manufacturing engineering organization, or they
may have moved into management. At EKC, the project team included members from
engineering, production, support functions such as statistics, and former process experts
who had moved into other roles, and were "on loan" to the project. Since some key
project participants will not be fully dedicated to the project, every effort must be made
to dedicate the remainder of the team (note that here and elsewhere I use "dedicated" in
the sense of the percent of time available to the project, and not to represent anyone's
feelings of commitment). These people must be responsible for the bulk of the work,
using the less dedicated members as consultants. At EKC, project participants were, on
average, about 50 percent dedicated to the project. Some engineers were even fully
dedicated to the project. This was counterbalanced by certain experts in consulting roles
or operators with production responsibilities who were only about 10 percent dedicated to
the project.
Methodology: Since the participants are to some extent scattered and matrixed, and
since they may not be fully dedicated to the project, a clear system for allocating
responsibility and tracking deliverables should be established. This is also advisable
given the likely visibility of the project: upper management will want to see how the
deliverables for the project fit into corporate goals for quality improvement and cost
reduction. Ironically, project members are likely to have more "freedom" from
management interference in their day-to-day activities, if some "control" is imposed up
front in terms of responsibilities and schedules.
We used the following general methodology for understanding and improving the
process. Specific techniques, conclusions, and results are described more fully in
chapters 4 and 5, where we applied this methodology to the acetate film base
manufacturing process. The methodology uses many of the concepts discussed in Bohn,
1994 and Fowlkes, 1995.
1. Discovery: Knowledge about this process is incomplete and fragmented. At this
point, it may not even be known where to start in improving the process. Process
knowledge must be collected and synthesized, and process problems prioritized. During
this stage, the user develops an overall picture of the health of the process, its most
serious issues, and the high-leverage areas for improvement. This results in a focus for
subsequent activities; for example, in improving the acetate process, we chose an initial
focus on starting material variation, its relation to key front-end process variables, and the
combined impact to certain product quality attributes.
2. Understanding: Now that one or more focus areas has been established, the user
must develop an understanding of these areas. Process parameters must be related to
product attributes. Statistical analysis tools such as Pareto charts, Design of Experiments,
Principal Components Analysis, etc., are ideal for this stage, thus it is important that the
project team contain members with expertise in this area. At EKC, we were fortunate to
have a "prototype machine" (a smaller scale model of the actual manufacturing process)
available for experimentation. Thus we were able to design and execute experiments in
determining the relationship between process variables and product attributes.
3. Optimization: Once the relationship between process variables and product attributes
are understood, the process can be optimized. The user now possesses the knowledge to
set process variables to maximize product quality, minimize product cost, or some
combination of both. In order to do this, however, the user must have the ability to
measure and control the process (Bohn, 1994). This is where capital expenditures may
come in. An optimization strategy must be developed, and any investment necessary to
achieve this strategy must be made. In Chapter 5. I describe an optimization of the
acetate process to achieve maximum speed, while maintaining quality parameters at some
predetermined level. This strategy requires better control of starting materials than
currently exists; plans must be developed for achieving this improved control. Thus the
optimization phase includes both the development and implementation of the
optimization strategy.
4. Continuous Improvement: After the Discovery, Understanding, and Optimization
phases, the process ideally would now move into a stage of continuous improvement.
This would be similar to "typical" Kaizen activities, focusing on low-cost, mostly
procedural means of improvement on the now-optimized process.
Culture: The company will have an existing culture which may be more or less
conducive to Proactive Improvement as I have described it above. While it is unlikely
that the project leader will be able to eradicate all traces of the existing culture and
establish a totally new culture given the conditions under which the project is likely to
take place (a matrixed environment, some corporate involvement, varying levels of
participant dedication), certain cultural attributes should be emphasized:
Accountability:
We are seeking dramatic results on what is assumed to be highly visible project. It is
important to the company's objectives. Furthermore, project participants are likely to
have responsibilities outside of this project, and may even report into differing
organizations. Results are important, yet responsibility is somewhat diffuse. In this
environment it is important to establish a culture of accountability. Project members
must achieve milestones as scheduled. This requires both proper scheduling and
discipline in working towards scheduled goals.
Creativity:
While the outcome of this project is not likely to be as revolutionary as the flat-
surfaced bomber, the level of innovation may be quite radical in comparison to what
was done in the past. Project members may be accustomed to operating in sustaining
(or fire fighting) mode, and may not feel empowered to make large changes to the
process as a whole. In addition, the knowledge base residing in individuals may be
deep, but narrow. Creativity will be required in piecing together these slices of
knowledge into a strategy for improvement of the entire process.
Efficiency:
It is desired that the results be achieved as quickly and cheaply as possible. Excessive
time should not be spent in meetings or writing status reports. Direct and efficient
communication channels should be established (possibilities include web sites,
weekly update meetings for the entire team, project newsletters), and management
should be tied in to these efficient, informal channels.
As in any discussion of corporate culture and values, there are tensions between the three
above-mentioned cultural elements. For example, there may be a tradeoff between
establishing an accurate, up-to-date project tracking system and achieving maximum
efficiency. Time spent tracking and organizing the project might have been spent on
actual work. It is up to the project manager to balance these concerns. At EKC, during
the early stages of the project, the focus was on efficiency and creativity; these were seen
as the most important challenges given the existing corporate culture and methodologies.
As the project progressed, the focus shifted somewhat to accountability, as initial
learnings needed to be translated into tangible results.
3.3 Reactive Improvement
Kaizen and Skunk Works form a contrasting pair of quality improvement paradigms. In
many ways, they are opposites. Likewise, we propose an "opposite" to Proactive
Improvement, conveniently entitled "Reactive Improvement". Reactive Improvement
refers to the "fire fighting" mode mentioned several times above. Once a process is
developed and released, it often slides into the Reactive Improvement mode:
improvements are made only when a pressing problem arises. Reactive Improvement
does not systematically remove the cause of the problem, but may fix the symptoms.
The goal of Proactive Process Improvement as it has been defined is to move the process
from the Reactive Improvement Paradigm into the Proactive Improvement Paradigm.
QUALITY IMPROVEMENT
a--- \ "-----.
Reactive Evolutionary Proactive Revolutionary
Improvement (Kaizen) Improvement (Skunk Works)
Figure 3.1: Innovation Continuum with Proactive and Reactive Improvement
This model of process improvement can be applied to the EKC process improvement
project. Prior to process improvement, the process was in the reactive improvement
region. Many problems were addressed and solved as they arose, but there was little
effort to improve the process as a whole. In this regime, something that is done to "fix"
one problem may inadvertently cause another. Assumptions which were made in
designing the original process may no longer hold, leading to suboptimal operating
conditions. The goal of the EKC project was the Proactive Improvement of the process,
requiring the systematic Discovery, Understanding and Optimization of the process.
Once the EKC project has concluded, the process should "slide back" to a more
evolutionary means of process improvement, but only to the Kaizen (Continuous
Improvement) level.
3.6 Summary
In this chapter I discussed the shortcomings of both the Kaizen and Skunk Works models
for dramatic improvement of a mature process in a typical corporate environment. The
Proactive Process Improvement (PPI) model was proposed as an alternate quality
improvement paradigm that companies might find helpful under these circumstances.
PPI was described in terms of focus, participants, culture and methodologies, with
examples from the EKC project. PPI and its "opposite", Reactive Process Improvement,
were evaluated in terms of the quality improvement innovation continuum developed in
Chapter 2.
Chapter 4: Proactive Improvement at Kodak, Part 1: Discovery
Introduction: This chapter contains background information on the acetate base
manufacturing process which will be necessary in understanding the discussion and
results to follow. It also details our approach to Step 1 (Discovery) of the methodology
described in section 3.2, including the thought process we used at each step. Chapter 4
concludes with the description of a factorial experiment designed to answer the following
three questions:
1. What is the optimal process recipe?
2. What are the required specifications around this optimal recipe?
3. What is the best control strategy if we cannot always achieve this optimal
recipe?
4.1: The Acetate Film Base Process
The EKC film manufacturing flow has three major processes (From Glass Plates to
Digital Images..., 1995):
Base Manufacture: Base is the thin, flexible polymer material which is used as support
for the light sensitive chemical layers which provide imaging. Film base is produced in
large rolls.
Sensitizing: Sensitizing refers to the application of the light sensitive silver-halide
emulsions that provide imaging. This operation is carried out in the dark to avoid
exposing the film to light.
Finishing: At finishing, the large rolls of film are cut to the desired wiTlh and length,
packaged, and shipped.
4.1.1 Film Base Raw Materials
The raw materials in the acetate film base process are as follows:
Cellulose Triacetate (CTA): Cellulose triacetate is the main component. Cellulose is a
paper-like substance derived from trees, treated to form CTA. EKC uses either "virgin" or
recycled CTA.
Solvent: The CTA is dissolved in order that it may be cast into a thin sheet of film. A
mix of solvents is used.
Plasticizer: Pure TCA film is too rigid for use as a photographic film base. Kodak uses
a plasticizer to impart flexibility and water resistance to the film.
Gelation Agent: A gelation agent is a small proportion of a solvent which will not
dissolve TCA, added to the mixture to promote the gelling of the polymer as the main
solvent is evaporated from the mixture.
4.1.2 The Manufacturing Process
The manufacture of acetate film base is a continuous process; the major steps are as
follows.
Dope Delivery: Dope is the name used to describe the viscous solution of the raw
materials listed above. Dope is mixed and filtered in a separate building and delivered to
the acetate machine through a series of pumps. Incoming dope is filtered and brought to
the proper temperature for casting.
Casting: After filtration, the dope is channeled into the hopper, which casts the viscous
dope through a variable slot opening onto the belt. The thickness of the slot opening is
controlled by a series of adjustable screws; the casting thickness can be different
horizontally across the web.
Band Curing: The web, adhering to the belt, proceeds through several distinct air
zones, as the process of evaporating the solvents begins. At the end of the band curing
process, the web has solidified enough to support its own weight. It can now be stripped
from the belt.
Conveyance: Once stripped, the web enters the part of the process known as
conveyance. The now self-supporting web is threaded through a series of rollers as the
drying process continues.
Substrate Application: The web is cooled slightly in preparation for the application of
substrates. A thin coating of solution is applied to one side of the web using a hopper.
The process in question has several subbing steps.
Slitting: After subbing, a narrow strip is slit from each edge of the film and discarded.
This region is unusable due to thickness variation and curling.
Knurling: After the slitting operation, knurls are applied to the edges of the film. Knurl
are areas of raised bumps on the edges of the film which help reduce stress on the film
base when it is rolled.
Take up: The film base must periodically be cut into rolls. In order to cut the film
without stopping the process, a set of "take up" rollers is present just prior to the winding
of the roll. These rollers are normally a fixed distance apart, however when it is desired
to cut a roll, they are moved apart as the winding of the roll is halted. The film base now
accumulates on these take up rollers as they move apart. The operator has a short period
of time to cut the film and start a new roll. Once a new roll has commenced windup, the
take up rollers are moved back together as the excess is wound onto the new roll.
Optical Scan: The film passes through an optical scanner which records visible defect
data in a continuous manner.
Winding: The last step in the process film base manufacture is winding: the finished
base is wound onto a large roll and cut in the manner described above.
4.2 The Discovery Phase of Proactive Process Improvement
The first step in determining initial focus for any process improvement project is to
understand the current state of the process. Production yield loss data is usually available,
but the "responsible" process step may not be definitively known. It is our ultimate goal
to establish this definitive relationship. Yet anecdotal and non-quantitative information
about the process exists within the organization. We would like to gather and consolidate
this knowledge and use it as our first step in understanding the quantitative relationship
between product and process (Bohn, 1994). We did this using a product/process map as
shown in Figure 4.1. (This is a "sample" map for the acetate film base process and does
not reflect actual waste numbers or process steps).
Defect Modes:
Defect 1 Defect 2 Defect 3 Defect 4 Defect 5 Defect 6
Process Steps:
Step 1 X X x x
Step 2 X
Step 3 X
Step 4 X X X X
Step 5
Step 6
Step 7 X
Step 8 X
Figure 4.1: Sample Product/Process Map
The product defect modes are listed across the top of the chart (in descending order in
terms of amount of material affected), and the process steps are listed on the left hand
side of the chart in the order in which they occur. If a certain process step contributes to a
given defect mode, then a "X" is placed at the intersection of that row and column. The
chart consolidates known information about defect levels plus all known or suspected
information about which process steps contribute to which product defects. The chart
described above should provide guidance in prioritizing the areas of the process to be
attacked initially (the process steps which cause the most yield loss).
4.2.1 Emergence of the Starting Material Issue
A product/process map was constructed for the acetate process. While yield loss numbers
were simple to obtain, it was more difficult to link these defect categories to process
steps. Definitive data proving any such relationships did not exist. In this case, the map
must be completed using the collective knowledge of existing process experts.
Fortunately, several process experts were available to help fill in the map. While this is
not an exact method of determining process focus, it was better than starting from zero.
Upon construction of the product/process map, it became apparent that the dope which
was delivered to the acetate system was believed to be the biggest contributor to product
defects. The "story" which emerged was as follows: Most, if not all, process steps can
easily be controlled. However, the incoming material (dope) keeps changing with respect
to composition. Once this happens, the product will go out of spec in one way or another,
necessitating process changes. Since the process is so "interactive", one process change
leads to another process change. The situation is further complicated by the fact that
every operator has his or her own means of adjusting the process when a dope change is
perceived. Soon the process is out of control, and producing an unacceptable amount of
defective material.
It became clear that the incoming dope stream was the most likely source of most process
(and therefore product) variability. Further, there was no definitive strategy for control
when the dope composition did change. Finally, there was no known "optimal" dope
recipe (the process had always reacted to changes in dope composition).
4.3 The Designed Experiment
Given the above discussion, we designed an experiment, to be performed on the acetate
process "prototype" machine, which had the following objectives:
1. Determine optimal dope recipe and process settings based on measurable product
quality metrics.
2. Determine specification limits for the optimal dope recipe and process settings
based on the acceptable range of measurable product quality metrics.
3. Determine the relationship between changes in dope composition and certain key
process parameters on product quality metrics, possibly leading to a process
control strategy.
Initially, the team sought to incorporate process parameters from all stages of the acetate
process, however the list of variables grew too long to practically explore, especially
given the desire to understand key interactions. For this reason, the scope of the
experiment was limited to dope constituents, and process variables pertaining to casting
and the early stages of curing. It is understood that a similar experiment will need to be
performed to incorporate the "back end" of the process. The experimental design, quality
metrics, and experimental methodology is described in detail below.
4.3.1 Experimental Design
The dope-composition related variables were defined as follows:
Virgin/RAS (V): whether or not the CTA was virgin or recycled
CTA (C): Percent CTA in solution
Plasticizer/CTA (P): The ratio of Plasticizer/CTA in the solution
Gelation agent/CTA (G): The ratio of gelation agent to CTA in the solution
Solvent 1 (Si): Solvent I as a percentage of total solvent
Solvent 2: Solvent 2 made up the remainder of the dope "recipe" in all cases.
Five process-related variables were also chosen:
T1
T2
T3
T4
T5
These variables were all temperatures of various parts or points of the process.
We designed the 32 column experiment shown in Appendix C. The first 5 columns (cols.
2-6) contain the variables R/V, C, P, G, and T3. The next 10 columns (cols. 7-16)
contain all two-way combinations of these first five variables, and the 10 columns after
that (cols. 17-26) contain all 3-way combinations of the first five variables. Columns 27-
31 are contain all possible 4-way combinations, and column 32 contains the 5-way
combination. If it is assumed that interactions higher than second order will not be
significant, then columns 7-26 contain two-way interactions only, and columns 27-31 are
empty. Thus we can place the remaining five variables (S1, T1, T2, T4, and T5) in
columns 27-31 (Hogg, 1992 and Fiegulth, 1994).
Ideally, one would place the five variables most likely to interact with each other in
columns 2-6, and the five variables least likely to interact with each other in columns 27-
31. Then columns 7-16 each contain 2 interactions: one interaction between variables
that are considered likely to interact, and one interaction between variables which are
considered unlikely to interact. This has the effect of unconfounding those interactions
which are most likely to occur; i.e. if any of the columns 7-16 are found to be significant,
we can make a good guess as to which of the two interactions it is likely to be.
The actual placement of variables shown in Appendix D was chosen partially with the
above logic in mind, and partially with respect to experimental logistics. For example, it
was not possible to switch back and forth between recycled and virgin dopes without a
delay of several days. Thus, R/V had to be placed in column 2 in order to complete the
experiment within a reasonable time frame. Also, given the reported high level of
interactivity present in the process, it was difficult to find five variables that were
"unlikely" to interact with each other. In general, however, the placement of variables
adhered to the spirit of the above methodology, given the current state of process
understanding.
4.3.2 Quality Metrics
The following quality metrics were to be taken for each experimental run:
Stripping Speed (SS): How fast can we run before the web sticks to the band?
Dope Viscosity (Vis): Dope viscosity
Bubbles: Small air bubbles in the film; visible to the naked eye
Slugs: Small bumps in the film containing solidified cellulose acetate; visible to the
naked eye
Short Range Thickness Variation (SRTV): local variation in thickness
Thickness Variation (TV): Overall widthwise range in thickness from one edge of
the base to the other
4.4 Summary of Chapter 4
In this chapter, I describe the implementation of the discover phase of PPI at EKC. This
phase led to an initial focus on raw materials and the "front end" of the process. We
designed a factorial experiment with 10 process parameters and 7 quality metrics aimed at
understanding the effects of compositional and "front end" process parameters on product
quality. The goals of the experiment were to determine the optimal process recipe,
determine process specifications, and develop a process control strategy.
Chapter 5: Proactive Improvement at Kodak, Part 2: Understanding and
Optimization
Introduction: This chapter addresses the first two goals of the designed experiment:
determine optimal process recipe, and develop a means of setting process specifications.
The flexibility of the process optimization model is demonstrated through examples of
cost-benefit analysis and "what if' scenarios. The chapter concludes with an example of
setting process specifications using the newly-developed process knowledge.
5.1 Experimental Results:
The experiment was conducted as described in Chapter 4. Table 5.1 gives the predictive
models developed for each quality metric (the procedure for model selection is described
in Appendix ). The "Int" column contains the y intercept for the model for each quality
metric on the left, while the values in columns marked V, C, G, P, T3, T1, T2, S1, T5,
T4, G*CT, C*T1, C*G, and C*V, give the effects (coefficients) of each compositional or
process variable or interaction. Only significant effects were included in Table 5.1; an
empty cell indicates that this effect was not significant for that quality metric. For
example, table 5.1 gives the model for TV as:
TV = 2.3 - 1.6*C - 1.6*T1 + 1.4*T2
Variables Int. V C G P T3 T1 T2 S1 T5 T4 G*CT C*T1 C*G C*V
Metrics:
SS 222.7 38.34 4.87 6.78 -6.59 9.89 -5.38
Bubbles 107 125 150 177
Vis 279 80.09 4.47 5.76
Slugs 473 -170 303 117 269
SRTV 18.90 0.50 -0.50 1.07 -0.83 -1.72
TV 2.3 -1.6 -1.6 1.4
Table 5.1: Quality Metric Predictive Models
All of the main effects were found to be significant for at least one of the quality metrics;
some interactions were found to be significant. Note that few differences were found
between recycled and virgin acetate supply (variable V), in that the only model to include
V was the SRTV model. Difficulties in performing the recycled acetate portion of the
experiment which are likely to have influenced this result are discussed in detail in
Appendix D, in any case additional work aimed at understanding the effects of recycled
supply is recommended.
5.2 Process Optimization Strategy
Now that we can model the effects of process variables upon the quality metrics, we can
develop an "optimal" process recipe. But how is optimal defined? In order to answer
this question, we must first look more closely at the product quality metrics, asking: what
is our goal for this metric?
SS: This is an economic metric, in that it controls how much base we produce. All
else being equal, the faster we run, the better.
Bubbles, Slugs and SRTV: These are defects. In optimization, there are two
possible strategies. We could seek to reduce them as much as possible, or we could
choose an upper bound (product specification) for these defects. This analysis is
simplified by choosing an upper bound as our goal for these metrics
Vis: This is a physical property of the dope. Our goal is to keep the it within a
specified range to ensure proper functionality of the dope delivery system.
TV: This is a unique quality metric. It can easily be reduced to acceptable levels for
any process recipe by adjusting the hopper slot upon process startup. Problems arise
when the process recipe changes in an uncontrolled fashion. Therefore, this quality
metric does not play a part in developing an optimal recipe. It is important however,
in setting specifications and developing process control strategy
Given that TV and the intercepts for the models are not relevant to our optimization
strategy, the key optimization information is summarized in Table 5.2 (this is simply
Table 5.1 with the Int and T2 columns and the TV row removed).
Variables V C G P T3 T1 S1 T5 T4 G*T3 C*T1 C*G C*V
Metrics:
SS 38.34 4.87 6.78 -6.59 9.89 -5.38
Bubbles 125 150 177
Vis 80.09 4.47 5.76
Slugs -170 303 117 269
SRTV 0.50 -0.50 1.07 -0.83 -1.72
Table 5.2: Models Relevant to Optimization
Table 5.2 can be thought of as a system of equations and unknowns. We have five
equations (the quality metrics) and 9 unknowns (the composition and temperature
variables. While this system is not solvable, we can make assumptions which will
simplify this system using the data in Table 5.2 and other things we know about the
process.
Examining the data in Table 5.2, we find that some of the variables are very interesting,
notably variable C. While it has a positive effect on the economic metric, it also has a
"positive" effect on Bubbles, meaning a negative effect on quality. We cannot easily
guess the best value for C. Other variables are not interesting, for example T5. T5 has a
positive impact on SRTV, and thus a negative impact on quality. This is the only metric
that is affected. We would want to reduce T5 as much as possible to improve quality.
For the purposes of the optimization, we will assume that there is some reason that T5
cannot be reduced below the experimental range (some impact on the back end of the
process, which was not examined in this experiment, for example). Other
"uninteresting" variables are T3, T1, T4 and S 1: using Table 5.2 alone, we can tell the
best value for these parameters (maximum or minimum). Furthermore, V will be
determined a priori. We have therefore eliminated 5 of the unknowns, giving a system of
five equations and three unknowns. There are an infinite number of solutions to this
system.
Constraints exist which will limit the number of solutions. Two of the compositional
variables have an upper limit on solubility; the optimal recipe cannot require more C or B
than will go into solution. While these constraints do not determine the proper values for
C and G, they provide an upper limit. We must also impose an upper limit we will
tolerate for the defects (Bubbles, Slugs, and SRTV), and for dope viscosity. So of the
many solutions which exist for this system, we are only interested in the ones where C
and B are within their solubility limit and Bubbles, SRTV, Slugs and Vis are within our
tolerable limits. Despite these constraints, there are still many feasible solutions to this
system.
Now, how will we choose the solution which we will use as the process recipe? Earlier,
we noted that the higher SS, the faster the process can run, and the better off we are
economically. Thus, we will choose the solution with the highest value of SS which does
not violate any of our constraints. In more concise and technical terms, the problem we
are solving is: Maximize SS by varying C, G, and T, using the set of equations shown in
Table 5.2, and given the following constraints:
G < Gmax C < Cmax
Vismin < Vis < Vismax Slugs < Slugsmax
Bubbles < Bubblesmax SRTV < SRTVmax
This type of optimization can be performed using a spreadsheet such as Microsoft Excel.
5.3 Results of Process Optimization
Before solving for an optimal recipe, we must determine values for the constraints
mentioned above. These are given in Table 5.3.
Parameter Constraint Value
C < 14
G < 1.2
Vis hetween 325-375
Bubbles < 100
Slug's < 50
SRTV < 18
Table 5.3 Constraints used in Process Optimization
Results of the optimization are shown in Table 5.4. Note that SS is 294.7. This is the
fastest we can run with the constraints we have imposed. Given the current state of
knowledge we must assume that the optimal recipe for recycled CTA is very similar (see
Appendix D for further discussion of recycled supply). Values for the quality metrics are
immediately to their right.
Variables C G P T3 T1 S1 T5 T4 G*T3 C*T1 C*G C*V
Optimal 1.04 1.20 0.50 -1.00 -1.00 1.00 -1.00 1.00 -1.20 -1.04 1.25 1.04
Metrics:
SS 294.7 38.34 4.87 6.78 -6.59 9.89 -5.38
Bubbles -97 125 150 177
Vis 375 80.1 4.47 5.76
Slugs 50 -170 303 117 269
SRTV 15.2 -0.5 1.07 -0.83 -1.72
Table 5.4: Optimal Recipe for Virgin CTA
Note that the Bubbles quality metric is negative. This is discussed in Appendix D.
5.4 Optimization Analysis
Using this optimization scheme, we can perform various what-if analysis. For example,
assume we assembled a task force charged with increasing SS without hurting product
quality. Analysis of Table 5.3 uncovers three possible opportunities for doing so:
1. Increase the tolerable viscosity
2. Reduce the minimum possible T1
3. Reduce the minimum possible T3
Assume these three parameters (Vis, T1 and T3) could be relaxed to 400, -1.2 and -1.2
through changes we might make in the processing equipment. We can now model the
effect on SS and easily perform cost/benefit analysis. Table 5.5 shows the new optimal
process recipe given the relaxation in constraints. Note that SS has increased to 313.2.
Variables C G P T3 T1 S1 T5 T4 G*T3 C*T1 C*G C*V
Optimal 1.33 1.2 1.23 -1.2 -1.2 1 -1 1 -1.44 -1.59 1.59 1.33
Metrics:
SS 313.2 38.34 4.86 6.78 -6.95 9.89 -5.36
Bubbles -189 125 150 177
Vis 400.0 80.1 4.47 5.76
Slugs 50.0 -170 303 117 269
SRTV 14.55 -0.5 1.07 -0.83 -1.72
Table 5.5: New Optimum Given Relaxation in Vis, T3 and T1
As another example in tradeoff analysis, assume that the specification for Slugs has been
tightened to 25 (returning the constraints on Vis, TI and T3 to their original values). SS
drops to 294.
Variables C G P T3 T1 S1 T5 T4 G*T3 C*T1 C*G C*V
Optimal 1.04 1.2 .42 -1 -1 1 -1 1 -1.2 -1.04 1.25 1.04
Metrics:
SS 294 38.34 4.87 6.78 -6.59 9.89 -5.38
Bubbles -97 125 150 177
Vis 375 80.1 4.47 5.76
Slugs 25 -170 303 117 269
SRTV 15.2 -0.5 1.07 -0.83 -1.72
Table 5.6: New Optimum with Tightened Slugs Specification
5.5 Setting Specifications
Another goal of this experiment was to develop specifications for the process variables.
This is easily applied with respect to the TV quality metric. Recall from Table 5.1 the
model:
TV = 2.3 - 1.6*C - 1.6*T1 + 1.4*T2
As discussed earlier, TV can always be driven close to zero by adjusting the hopper slot
(the intercept is meaningless, and is only an artifact of hopper setting for the experiment).
Thus, any process recipe can have very low TV. What we must ask is: How much can
we deviate from our new optimum recipe before there is a significant negative impact on
TV? The coefficients for C, T1, and T2 provide this information.
Assume the specification for maximum possible TV is 0.1. Further assume we want to
evenly distribute any allowed variance between C, T2, and TI (each is allowed variance
of 0.033). Assuming that T2 and TI will not change, we have from the model:
TV= 1.6 C
We want TV to be less than or equal to 0.033, and thus have
0.033 = 1.6ACmax
Where ACmax is effectively the allowable range for C. We find that ACmax is equal to
0.020, giving an allowable range of +0.010 (assuming that the target value lies in the
middle of the acceptable range). Table 5.6 shows the maximum range for C, TI and T2.
Variable Spec.
C + 0.010
T1 + 0.010
T2 + 0.012
Table 5.7: TV-Based Process Specifications
Specifications for other process parameters can be developed in a similar manner.
5.6 Summary of Chapter 5
In this chapter, I described a means of developing an "optimal" process recipe. Optimal,
in this case, was defined to mean the recipe which maximizes run speed (SS), while
meeting the constraints for defect levels, viscosity, and solubility. An optimal recipe was
found; examples of cost-benefit analysis and "what if' scenarios were presented as well.
The chapter concluded with an example of how knowledge about the relationships
between process parameters and product quality metrics may be used to develop process
specifications for the compositional and process variables.
Chapter 6: Process Control Strategy
Introduction: Once the optimal process recipe has been developed, the best possible
control strategy is not to deviate from the optimal recipe, i.e. to have a totally invariant
process. Unfortunately it may be too expensive (or even impossible given existing
technology) to maintain a totally invariant process. In general, for this process, we
believed that the compositional variables would be more difficult to control than the
process temperature variables; thus a helpful control strategy for this process would be to
continuously monitor dope composition, and compensate for any compositional changes
by making process temperature or speed changes. Changes may then be made to the
process before the variant dope reaches the system, resulting in invariant product quality
(this is an example of "feed-forward" process control). The following sections describe
the suggested three-element control strategy, given the models we have developed about
the relationships between process variables and product quality metrics.
6.1: SS-based Process Control
From Table 5.1 we have the following equation relating maximum possible run speed to
process composition and temperature variables:
SS = 222.7 + 38.34*C + 4.87*G + 6.78*P - 6.59*T3 + 9.89*S1 - 5.38*G*T3
For any set of compositional or process variables we can calculate the maximum possible
speed at which we can run. Note that all of the parameters are compositional (C, G, P,
Si1), with the exception of T3. Now assume we measure a composition change which
would has a negative impact on maximum run speed. We have the following two
options
1. Assuming that T3 cannot be adjusted (i.e. it is at an extreme value, and the adjustment
would push it out of the tolerable region), we can recalculate SS given the new
composition and reduce machine speed accordingly.
2. If T3 is not at the minimum possible level we can calculate the required T3 to
maintain the current speed, adjust T3 accordingly and maintain the current speed.
According to the model, adjusting T3 will not produce a negative effect on any quality
parameters.
3. Note that it is also possible that the compositional variables can change so as to
increase the maximum possible run speed. Thus the speed at which we are running is
slower than the maximum given this new composition. In this case, it is advisable to
do nothing; such an increase will probably only be temporary (since it likely to have a
negative impact on other quality parameters such as Vis, Bubbles or Slugs).
In summary, if C, G, P, or S1 goes down, we may reduce T3 if it is not at its minimum
and thus maintain the same operational speed. If T3 is already at a minimum, we
must slow the machine down to maintain product quality. If C, G, P, or S1
increases, we do nothing.
6.2 TV-Based Process Control
A change in composition may also have an effect on TV. Again we use the following
equation:
TV = 1.6*C - 1.6*T1 + 1.4*T2
A possible compensation scheme is immediately obvious. We can counteract any
changes in C by an equal and opposite change in T and thus maintain an invariant
thickness profile. Again, we must assume that we can indeed adjust T1 (i.e. it is not at
the extreme tolerable value).
Changes in T may also affect Bubbles and Slugs; these tradeoffs must also be taken into
account. This strategy is recommended, however, for the following reasons
* We are not likely to be operating in a regime where Bubbles are likely to be a concern
(as evidenced by the negative predictions for Bubbles in the optimal recipes.)
* TV has historically had a much greater contribution to waste than Bubbles or Slugs
* TV is much more objectively measured than Bubbles or Slugs (which are measured
visually and categorized on a qualitative scale)
* The model for TV has much higher confidence than the model for Bubbles and
especially Slugs, thus control decisions should not be based around the Slugs model.
6.3 SRTV-Based Process Control
SRTV is similar to TV in that it is dependent mainly upon C and process temperature
variables (the source of acetate (recycled or virgin) also comes into play, but is not
something we can use in our control strategy). Therefore, if a compositional change
involves C, SRTV is likely to change. The predictive model for SRTV is shown below:
SRTV = 18.9 + .5*V -. 5*"C + 1.07*T5 -. 83T4 - 1.72*C*V
Given that C has changed, we can calculate the new expected value for SRTV.
Depending upon the direction of the change (and whether we are using recycled or virgin
acetate), the change may actually result in an improvement. If it does not, we may be able
to adjust T5 or T4. If neither T5 nor T4 can be adjusted, there is no good control strategy.
6.4 Using Process Temperatures as Control Variables
The above discussion of Process Compensation strategy has highlighted one key fact
regarding "nominal" settings of the process temperature variables T , T2, T5 and T3. In
our work on developing the optimal process recipe, we found that these temperature
variables had one " best" setting at the extreme end of the acceptable range (in other
words, if we could set it higher/lower, we would, but there is some exogenous constraint
preventing us from doing so). In order to have the flexibility to adjust for changes in
composition, these variables cannot be "pegged out" at their minimum/maximum
tolerable values. The nominal setting must be something other than optimum. Thus we
would be trading a certain level of performance for stability.
6.5 Example of Process Control Following a Compositional Change
Now let us follow this three-pronged strategy through an example. Assume that our
nominal process settings are chosen so that T3, T , T5, and T4 are not at an extreme
value (discussed in 6.4). Now assume that there is a decrease in C. We take the
following actions.
1. Given the change in C, but assuming that we want to maintain run speed (SS),
calculate the new required value of T3 using the model for SS. Change T3 to this value.
2. Again, given the change in C, calculate the required value of TI to maintain a flat
profile using the TV model. Assess the impact of the change in T1 on Bubbles and
Slugs. If insignificant relative to TV change, change TI to this new value.
3. If the change in C has caused SRTV to rise to unacceptable levels, calculate a value
for T4 or T5 giving the required reduction in SRTV. Change T4/T5 to this new value.
6.5 Summary of Chapter 6
1. In this chapter I have used the models explained in Chapter 5 to develop strategies to
compensate for composition changes by adjusting process temperature variables. The
three-pronged strategy as described will maintain constant run speed (SS), thickness
profile (TV) and short range thickness profile (SRTV) in the face of moderate
compositional changes. Bubbles and/ or Slugs might be negatively affected by this
control strategy, however this effect is believed to be minimal relative to the benefits
of controlling the other factors (as discussed in the text).
7. Overall Summary and Recommendations for Future Work
7.1 The Proactive Process Improvement (PPI) Model
Many companies may be interested in dramatically improving an existing process.
Kaizen and Skunk Works were explored as paradigms for such an improvement project,
but were both found to be somewhat lacking. In Chapters 2 and 3, I have proposed and
described an intermediate approach, entitled Proactive Process Improvement (PPI) for use
under these circumstances. PPI seeks to impart the innovative aspects of the Skunk
Works model, while recognizing the constraints of the typical manufacturing or
engineering organizational structure.
7.3 PPI Implementation and Results
In Chapters 4, 5, and 6, I describe the implementation of PPI to improve an acetate film
base manufacturing system at Eastman Kodak Company. The Discovery phase of PPI
led to the focus on starting materials (composition), and their interrelationships with
front-end process variables. During the Understanding phase, we designed and executed
a 32-part factorial experiment which established the relationships between ten
compositional and temperature process variables and seven product quality metrics. We
found that some process variables had a clear "best" setting, while others did not (such
variables migT2 affect one quality metric negatively, but affect another metric positively).
During the Optimization phase of PPI, we used statistical predictive models for the
product quality metrics to determine the optimal process recipe. Examples of cost-benefit
analysis and what-if scenarios were given to demonstrate the usefulness of this
optimization framework. A three-pronged control strategy was developed in Chapter 6,
using this control strategy, we can compensate for moderate compositional changes by
changing process temperatures, thus maintaining invariant product quality. Once the
Optimization phase of PPI is completed, the Continuous Improvement phase of PPI
should be initiated, thus completing the process improvement activity.
7.4 Recommendations for Future Work
7.4.1 Recycled Acetate
As discussed in Appendix D, there were some issues with the recycled acetate portion of
the experiment. Results may indicate that the gellation agent (G) has the opposite effect
on recycled supply as on virgin for the quality metric SS. A smaller, well controlled
experiment (using recycled acetate only) is recommended to verify/refute this finding.
7.4.2 Independent Confirmation of Slugs/SRTV models
The optimal process recipe and control strategy are only as good as the predictive models
we are using to estimate the quality metrics. The Slugs and SRTV models are relatively
weak in that R2 was somewhat low, and little pre-existing information was available to
confirm/deny the findings. Verification through some independent source (another
experiment, expert knowledge, production data), would add confidence to both these
individual models and the entire optimization and control strategy.
7.4.3 Optimization of Back-end Process and Overall Process Optimization
Finally, we must keep in mind that this entire document has addressed only the front end
of the process. Two possible strategies come to mind for continuing this work to
optimize the entire process:
1. Assume the front and back ends of the process are independent. Perform a separate
optimization of the back end of the process, using the front end developed here. The
optimized process consists of the optimized front end plus the the optimized back end.
2. Assume the front and back ends of the process are not independent. We already
understand the key factors for the front end of the process, now we must design a second
experiment to uncover the key process variables for the back end of the process. The
process optimization would conclude with a third experiment where key process variables
for both ends of the process are optimized together.
Appendix A: The Kaizen Story
The Kaizen story is a standardized problem-solving procedure to be used at each level of
organization. It has 8 steps (Imai, 1997):
1) select a project
2) understand current situation and set objectives
3) analyze data to identify root causes
4) establish countermeasures
5) implement countermeasures
6) confirm the effect
7) standardize
8) review the above process and work on the next steps
Appendix B: Kelly Johnson's 14 Rules for Skunk Works Project Management
(Rich, 1994)
1. The Skunk Works manager must be delegated practically complete control of his
program in all aspects. He should report to a division president or higher.
2. Strong but small project offices must be provided both by the military and industry.
3. The number of people having any connection with the project must be restricted in an
almost vicious manner. Use a small number of good people (10% to 25% compared to
the so-called normal systems).
4. A very simple drawing and drawing release system with great flexibility for making
changes must be provided.
5. There must be a minimum number of reports required, but important work must be
recorded thoroughly.
6. There must be a monthly cost review covering not only what has been spent and
committed but also projected costs to the conclusion of the program. Don't have the
books ninety days late and don't surprise the customer with sudden overruns.
7. The contractor must be delegated and must assume more than normal responsibility to
get good vendor bids for subcontract on the project.
8. The inspection system as currently used by ADP, which has been approved by both the
Air Force and the Navy, meets the intent of existing military requirements and should be
used on new projects. Push more basic inspection responsibility back to subcontractors
and vendors. Don't duplicate so much inspection.
9. The contractor must be delegated the authority to test his final product in fligT2. He
can and must test it in the initial stages. If he doesn't he rapidly loses his competency to
design other vehicles.
10. the specifications applying to the hardware must be agreed to in advance of
contracting. The ADP practice of having a specification section stating clearly which
important military specification items will not knowingly be complied with and reasons
therefore is highly recommended.
11. Funding program must be timely so that the contractor doesn't have to keep running
to the bank to support government projects.
12. There must be a mutual trust between the military project organization and the
contractor with very close cooperation and liaison on a day-to-day basis. This cuts down
misunderstanding and correspondence to an absolute minimum.
13. Access by outsiders to the project and its personnel must be strictly controlled by
appropriate security measures.
14. Because only a few people will be used in engineering and most other areas, ways
must be provided to reward good performance by pay not based on the number of
personnel supervised.
Appendix C: Design of Dope Experiment
(See following page)
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Appendix D: Notes on Statistical Analysis Techniques: Model Construction and
Considerations
General Methodology: JMP statistical analysis software, version 3.1.6.2 was used for
all models. For all quality metrics, an initial predictive model was constructed using any
of the 10 input variables which were suspected to influence the quality metrics (in some
cases is we knew a priori that an input variable or variables did not influence the metric).
All of the applicable 10 highlighted interactions (see Appendix C for highlighted
interactions) were included. Thus, the initial predictive model for each quality metric had
20 terms. This generally resulted in a model containing a mix of significant and
insignificant factors, as well as some factors which were not clearly significant or
insignificant. The models were reduced using the following algorithm.
1. If any interactions existed that were not significant (>.1), the least significant
interaction was removed
2. If any main effects existed that were not significant and were not part of a significant
interaction, the least significant was removed
3. If at any time an interaction or main effect was removed, the model was redone, and
the modeling process returned to step 1.
In this way, reduced models were constructed for each quality metric. Note that
insignificant main effects are retained if they are part of a significant interaction. Model
construction for each quality metric is described on the following pages.
SS Model Construction:
SS measurements were taking by increasing/decreasing machine speed and visually
determining whether coating was sticking to the band. The measurement is thus subject
to some degree of experimental error, given the human involvement. SS was adjusted for
maximum thickness. All readings were adjusted to the nominal thickness level of 5.05
mils. Using all experimental data the following model was constructed:
Parameter Estimates
Term Estimate
Intercept 214.3881
R/V 10.6282
C 47.6036
G -3.5540
P 8.6666
T3 -22.4648
V*C -8.7362
V*G 7.7192
V*T3 15.6908
G*T3 -8.0651
Adjusted R2: .929
RMS Error: 2.27
Std Error
9.0748
8.9319
3.2476
3.2783
4.2212
6.6656
3.1722
3.3092
7.4713
3.1441
t RatioProb>ltl
23.62 <.0001
1.19 0.2474
14.66 <.0001
-1.23 0.2315
2.05 0.0527
-3.36 0.0030
-2.75 0.0119
2.34 0.0294
2.10 0.0480
-2.55 0.0188
There is a problem with this model, however. Note that the effect of G is negative and
that there is a positive interaction between V and G. Thus G apparently has the opposite
effect upon recycled and virgin acetate. While the effect of G with virgin acetate is to
improve SS, the effect of G with recycled acetate is to reduce SS. This is highly
unexpected, and there are reason to call these results into question. The experiment was
blocked by virgin and recycled, thus the recycled portion of the experiment was
performed in one grouping, after the virgin portion of the experiment. The later
"recycled" portion of the experiment suffered from the following issues:
* It was conducted over a time period of 2 months, during which the machine
underwent major repairs, and started and stopped multiple times (in contrast, the
virgin portion of the experiment was conducted over approximately two weeks with
no major repairs). Certain groups of runs in the recycled portion of the experiment
which were conducted at different times appear to be obviously "different".
* For some reason, the proper levels of G were not attained for five of the sixteen
recycled runs. The effective result was 13 runs at the low level of G and only 3 runs
at the high level of G. In contrast, for the virgin portion of the experiment the roughly
correct levels of G were attained for all runs.
While these results may indeed indicate that there is some difference in the effect of G on
virgin and recycled acetate, there were enough problems with the recycled portion of the
experiment, and the G levels in particular, to recommend that this finding be verified in a
shorter, more controlled experiment before basing any conclusions upon this data. The
interactions V*C and V*T3 are also somewhat questionable given the problems with the
recycled portion of the experiment. Since the virgin portion of the experiment was much
more controlled, an alternate model was created, using only the data from the virgin
portion of the experiment:
Term Estimate Std Error t Ratio Prob>ltl
Intercept 222.6763 1.8842 118.18 <.0001
C 38.3420 1.8328 20.92 <.0001
G 4.8696 1.8691 2.61 0.0314
P 6.7825 2.3668 2.87 0.0210
T3 -6.5912 1.6043 -4.11 0.0034
Sl 9.8925 2.0800 4.75 0.0014
G*T3 -5.3836 1.8288 -2.94 0.0186
Adjusted R2 : .974
RMS Error: .822
This model was very much in line with known information regarding SS, especially with
respect to the effects of G. With respect to the effects of C,P, T3 and T3*G, it is very
similar to the first model. However it includes the effect of S 1 which was not found to be
significant in the first model. Note also that the RMS Error was lower for this model,
perhaps making it more sensitive to the effect of S 1.
The model created from the virgin data only was used in the optimization. Overall this
model is "good" (high R2, highly significant effects), and agrees with previously known
process data. Results from the optimization will have some meaning for recycled supply
because the effects of several of the most significant variables (C, T3, P, and G*T3) are
very similar. However, further experimentation should be conducted to determine the
coefficients for Si and G for recycled supply and perhaps to reexamine the interactions
V*C and V*T3.
Vis Model Construction
The Vis model was constructed using all experimental data. Vis data was taken using the
ball drop viscosity test, performed by an operator, and subject to some degree of
experimental error. Adjusted R2 is high, nonetheless.
Term Estimate Std Error t Ratio Prob>ltl
Intercept 279.05515 4.050129 68.90 <.0001
C 80.094233 4.71465 16.99 <.0001
G 4.4798685 1.32619 3.38 0.0055
C*G 5.7643454 1.29377 4.46 0.0008
Adjusted R2: .97
RMS Error: 12.33
Overall this model is "good" (high R2, highly significant effects) and agrees with known
process data.
TV Model Construction: The TV model was constructed using all experimental data.
TV was measured using automated equipment and is a very accurate, repeatable quality
metric.
Term Estimate Std Error t Ratio Prob>ltl
Intercept 2.298382 0.18474 12.44 <.0001
C -1.59553 0.16732 -9.54 <.0001
T2 1.382897 0.17682 7.82 <.0001
T1 -1.5991 0.18739 -8.53 <.0001
Adjusted R2: .88
RMS Error: .095
Note that this appears to be a "good" model (highly significant effects and high R2 ) and
that the results agreed with known data about the process.
Bubbles Model Construction: Bubbles data was only taken for the virgin portion of the
experiment. It was one of the more difficult metrics to perform in that it required the
creation of rolls. We decided to expedite the recycled portion of the experiment by not
creating the rolls, and thus could not perform this metric for the recycled portion of the
experiment. Bubbles were measure via a visual inspection of part of the roll, which was
then used to estimate total bubbles per roll. Therefore, they were one of the less precisely
measure quality metrics in the experiment, which may to some extent explain the lower
adjusted R2 for the model.
Term Estimate Std Error t Ratio Prob>ltl
Intercept 106.99688 52.45152 2.04 0.0640
C 125.1691 64.65515 1.94 0.0768
T1 150.35821 55.02052 2.73 0.0182
C*T 177.10791 67.82434 2.61 0.0227
Adjusted R2: .56
RMS Error: 200
The model created agrees with known data process data about bubbles and is considered a
relatively "good" model, despite the lower R2 value. Overall, the behavior with respect
to bubbles was highly non-linear. The rolls either had no bubbles or many hundreds of
bubbles. Because of this effect, certain values of C and T1 can produce negative
estimates of bubbles when plugged into this model.
SRTV Model Construction: The SRTV model was constructed using all of the
experimental data. The measurement is taken automatically and thus is very precise.
Term Estimate Std Error t Ratio Prob>ltl
Intercept 18.876831 0.458826 41.14 <.0001
R/V 0.5036245 0.458826 1.10 0.2833
C -0.500559 0.460206 -1.09 0.2875
T4 -0.836435 0.447076 -1.87 0.0736
T5 1.0741345 0.446911 2.40 0.0243
R/V*C -1.724865 0.460206 -3.75 0.0010
Adjusted R2: .37
RMS Error: 2.43
This is one of the lower confidence quality metric models. Unlike some of the other
models, there was little a priori understanding of what migT2 impact SRTV, therefore
we cannot say if the model agrees with existing information. Additionally R2 for the
entire model is rather low. According to our model-building convention, the insignificant
effects of C and V were left in the model because the C *V interaction was found to be
significant. Note that it indicates that the effect of C is different for recycled and virgin
acetate (it reduces SRTV for virgin, but increases SRTV for recycled).
Slugs Model Construction: Like Bubbles, Slugs measurement required the creation of
rolls, and thus was not performed for the recycled portion of the experiment. Again like
Bubbles, the number of Slugs was estimated based on a visual count of part of the roll,
and thus is subject to experimental error.
Term Es
Intercept 47
C -1'
P 3C
T1 11
C*T1 2(
Adjusted R2: .51
RMS Error: 284
timate
3.47704
70.6886
)3.00703
7.65937
9.80729
Std Error
81.03902
91.90201
109.3686
78.29549
96.48167
t Ratio
5.84
-1.86
2.77
1.50
2.80
Prob>ltl
0.0001
0.0902
0.0182
0.1611
0.0174
Slug formation was not well understood a priori, and thus we cannot say if the model
agrees with previous knowleged. Some physical rationales do exist for the contribution
of P and C*T1 to slugs. The insignificant effect of TI was left in the model because of
the significant of the C*TI effect, again according to our model-building convention.
Overall, this is one of the lower confidence models, given the lower R2 and lack of pre-
existing knowledge.
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